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272 The Journal of Thoracic and CardioObjective: We sought to investigate the differences in assumed and measured
oxygen consumption values for the determination of cardiac output by using the
Fick principle in a pediatric population with congenital heart disease.
Methods: The patient population consisted of 143 patients with a mean age of 11.3
years (age range, 2 days to 23.8 years) undergoing cardiac catheterization during general
anesthesia and with mechanical ventilation. Oxygen consumption was measured with a
standard commercial analyzing system (Deltatrac II; Datex, Engström, Helsinki, Fin-
land). Assumed oxygen consumption values were calculated according to the formulas
of Krovetz and Goldbloom and LaFarge and Miettinen. Comparisons between mea-
surements and assumptions were performed by Bland-Altman plots. Two-sided paired
t tests were used to assess a difference of the assumed and measured values.
Results: The range of measured oxygen consumption values was between 55.2 and 249
mL · min1 · m2. The Krovetz-Goldbloom formula led to systematically larger values
compared with the measured values (P  .0001; mean difference of 53.3
mL · min1 · m2; 95% confidence interval, 56.7 to 49.8 mL · min1 · m2). The
use of the LaFarge-Miettinen formula tends to overestimate oxygen consumption (P 
.0037; mean difference of15.9 mL · min1 · m2; 95% confidence interval,26.5 to
5.4 mL · min1 · m2). A similarly poor agreement was found when analyzing a
subgroup of 25 patients with Fontan-type circulation.
Conclusion: The use of assumed instead of measured oxygen consumption values
introduces large errors in the determination of cardiac output.
The determination of hemodynamic parameters requires an exact measure-ment of cardiac output. The Fick method1 is established as the clinical goldstandard for measuring cardiac output and is most commonly used. It
requires the determination of the difference of arterial–mixed venous oxygen
content and the oxygen consumption (VO2).
The Fick equation is as follows: CO  VO2/(CaO2  CvO2), where CO is defined
as cardiac output in liters per minute, VO2 is defined as oxygen consumption in liters per
minute, CaO2 is defined as arterial oxygen content in milliliters per liter (1.36Hbg
[g/L]SaO2)  (PaO2[mmHg]0.003), CvO2 is defined as mixed venous oxygen
content in milliliters per liter (1.36Hbg [g/L]SvO2)  (PvO2[mmHg]0.003).
It is common practice to use an estimate of VO2 instead of measurements. Both
Krovetz and Goldbloom,2 carrying out multiple regression analysis, and LaFarge
and Miettinen,3 using multivariate analysis of covariance, derived empiric formulas
to estimate VO2, which remain the most commonly used equations for calculating
assumed VO2. Considerable errors introduced by using assumed VO2 have been
reported and discussed previously.4-7 General anesthesia is sometimes necessary to
perform cardiac catheterization in pediatric patients under stable conditions, thus
affecting oxygen consumption and other parameters substantially.
Therefore, the aim of this study was to assess the quantity of error that might be
introduced by using assumed VO2 compared with measured VO2 in a pediatric
population with congenital heart disease undergoing cardiac catheterization.
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DSubgroup analysis in patients with completed Fontan
circulation was performed.
Methods
The study was performed in 143 patients (67 female and 76 male
patient; mean [standard deviation [SD] age, 11.3 [8.1] years; age
range, 2 days to 23.8 years; mean [SD] weight, 34.6 [23.1] kg; weight
range, 2.9-96 kg). These patients were undergoing cardiac catheter-
ization because of congenital heart disease. The study was approved
from the institutional review board, and informed consent was ob-
tained from patients or their guardians.
All patients received anesthesia, avoiding inhalant narcotics. Their
lungs were mechanically ventilated in volume-controlled mode (IPPV
ventilator, Siemens Servo Ventilator 900 D; Siemens, Erlangen, Ger-
many), receiving an inhaled fraction of inspired oxygen of between 0.21
and 0.48. Twelve patients had to be excluded because of air leaks of the
tube of more than 5% during the measurements. The LaFarge-Miettinen
formula was derived in patients between 3 and 40 years of age. One
hundred fifteen patients were of this age and were available for the
comparison. A subset of 25 patients had a Fontan-type circulation.
Age, sex, height, weight, and heart rate (electrocardiography)
were recorded, and body surface area was calculated according to
the method of Dubois and Dubois.8
VO2 was measured with the standard commercial analyzing sys-
tem Deltatrac II (Datex-Engström, Helsinki, Finland). The Deltatrac
Metabolic Monitor is an open-system, indirect calorimetry device
equipped with a fast differential paramagnetic oxygen sensor to mea-
Figure 1. Bland-Altman plot showing the difference be
mean of VO2 measured plus VO2 Krovetz-Goldbloom frsure a differential signal between inspired and expired gases and a gas
The Journal of Thoracidilution system to measure flow.9,10 The measurements were taken
when the patient was in a stable state shortly after intubation over a
period of 10 minutes, obtaining one measurement every minute. All
sets of 10 single measurements showed an SD of less than 10%, so
effects of a fluctuating FIO2 on metabolic measurements could be
excluded.11 The mean of these single measurements was calculated
and compared with the assumed VO2 values.
Assumed VO2 values were calculated according to the
Krovetz-Goldbloom formula as follows: VO2/BSA 
(1.39height[cm]  0.84weight[kg]  35.6)/BSA(mL/min)/m2.
The formula of LaFarge-Miettinen was used as follows: VO2/BSA
 (138.117.04ln(age)  0.378 HR)/BSA(mL/min)/m2 for
female subjects and VO2/BSA  (138.1  11.49ln(age) 
0.378HR_/BSA(mL/min)/m2 for male subjects, where age is
presented in years and HR is defined as heart rate (in minutes).
Comparisons between measurements and assumptions were per-
formed by means of Bland-Altman plots12 and comparative correla-
tion plots. Two-sided paired t tests were used to assess a difference of
the assumed and measured values. Because there were 2 such tests,
the significance level was split to 2.5% for each test, according to the
method of Bonferroni. Pearson correlation coefficients were calcu-
lated to assess the correlation of assumed and measured VO2. The
percent error introduced by using assumed VO2 was calculated by
dividing the difference of measured minus assumed VO2 by the
corresponding measured VO2. Data are represented as means (SDs).
The subgroup of 25 patients with completed Fontan-type cir-
culation was compared with the 118 patients without Fontan-type
circulation by an unpaired t test.
n VO2 measured minus VO2 Krovetz-Goldbloom and the
43 patients.twee
om 1Calculations were computed with SAS 6.12 software (Cary, NC).
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The mean measured VO2 was 115.7 mL · min1 · m2 (SD,
25.2 mL · min1 · m2), with a range of 55.2 to 249
mL · min1 · m2 (n  143). According to the Krovetz-
Figure 2. Comparative plot of VO2 measured versus VO2 Krovetz-
Goldbloom and the corresponding correlation coefficient.
Figure 3. Bland-Altman plot showing the difference be
mean of VO2 measured plus VO2 LaFarge-Miettinen from 11
274 The Journal of Thoracic and Cardiovascular Surgery ● AuguGoldbloom formula, the mean assumed VO2 was 169.0
mL · min1 · m2 (SD, 22.3 mL · min1 · m2). Calculat-
ing with the Krovetz-Goldbloom formula led to a systematic
and significant (P  .0001) overestimation of VO2 values.
The mean difference (bias) was 53.3 mL · min1 · m2
(SD, 21.1 mL · min1 · m2; 95% confidence interval,
56.7 to 49.8 mL · min1 · m2). The Pearson correla-
tion coefficient of assumed VO2 Krovetz-Goldbloom and
measured VO2 was an r value of 0.61 (P  .0001; VO2
Krovetz-Goldbloom  0.54  VO2 measured  106.4).
A Bland-Altman plot of the difference between VO2
measured minus VO2 Krovetz-Goldbloom and the mean of
VO2 measured plus VO2 Krovetz-Goldbloom is shown in
Figure 1. Figure 2 presents a comparative plot of VO2
measured versus VO2 Krovetz-Goldbloom and the corre-
sponding correlation coefficient.
With the LaFarge-Miettienen formula, a systematic and
significant (P  .0037) overestimation of VO2 values was
observed. The mean difference was 15.6 mL · min1 · m2
(SD, 57.2 mL · min1 · m2; 95% confidence interval, 26.3
to 5.4 mL · min1 · m2). A correlation (r value) of 0.38
between VO2 measured and VO2 LaFarge-Miettinen was
found with the following regression equation: VO2 LaFarge-
Mietten  1.28  VO2 LaFarge-Miettinen  1.28  VO2
measured  14.9. A Bland-Altman plot of the difference
between VO2 measured minus VO2 LaFarge-Miettinen and the
mean of VO2 measured plus VO2 LaFarge-Miettinen and a
comparative plot are shown in Figure 3. Figure 4 presents a
n VO measured minus VO LaFarge-Miettinen and thetwee 2 2
5 patients.
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Miettinen and the correlation coefficient.
The distribution of the quantity of error related to the use
of assumed VO2 instead of measured VO2 is shown in
Figure 5. Absolute errors of more than 50% occurred in
38.5% (Krovetz-Goldbloom) or 19.1% (LaFarge-
Miettinen) of the compared assumed and measured values.
Twenty-five patients with completed Fontan circulation
had a significantly lower (mean, 101.27 mL · min1 · m2
[SD, 17.68 mL · min1 · m2]) VO2 than patients without a
Fontan circulation (n  118; mean, 118.42
mL · min1 · m2 [SD, 25.7 mL · min1 · m2]; P 
.0002). The mean difference found with the Krovetz-Gold-
bloom formula was 55.7 mL · min1 · m2 (SD, 29.9
mL · min1 · m2; P  .0001), leading to a mean relative
error in the determination of VO2 of 59% (range, 14%-
136.5%). If the LaFarge-Miettinen formula was used, a
nonsignificant difference (mean, 4.59 mL · min1 · m2
[SD, 30.14 mL · min1 · m2]; P  .453) was found. The
limits of agreement were 55.69 to 64.87
mL · min1 · m2, and the corresponding mean relative er-
ror was 22% (range, 57.3% to 41.7%), expressing a
strong scattering of the assumed VO2 values.
Discussion
The results of this study emphasize a poor agreement of
measured and assumed VO2 values. This was already
known in adult populations13 and can now be demonstrated
in a pediatric population. The use of standard empiric for-
mulas for the calculation of assumed VO2 resulted in a
systematic error of overestimating VO2 values. We found a
wide spread of the limits of agreement. This indicates an
unacceptable difference of the compared methods to deter-
mine VO2. The magnitude of variability and the large errors
of greater than 50% that occur in 19.1% (LaFarge-
Miettinen) and 38.5% (Krovetz-Goldbloom) are clearly not
acceptable for clinical purposes. With the Fick equation, this
error in the VO2 determination will subsequently lead to an
error of the same order of magnitude in the calculation of
cardiac output. In addition, these wrong values will influence
the calculation of systemic or pulmonary vascular resistance,
of valve area with the Gorlin formula,14 and of shunt ratio, as
well as the determination of the regurgitant fraction.15
In the patient in whom a Fontan-type repair is planned,
the accurate determination of vascular resistance values is
of even more substantial clinical importance. Looking at the
results of the subgroup of patients with Fontan circulation,
it can be demonstrated that the errors found in the determi-
nation of cardiac output will lead to wrong values of vas-
cular resistance, especially pulmonary vascular resistance.
Calculations of vascular resistance are obtained by relating
the mean pressure change across a circuit to the flow across the
circuit. An error in the determination of VO2 as demonstrated
The Journal of Thoraci(eg, in the Fontan subgroup; mean error, 59% with the
Krovetz-Goldbloom formula and 22% with the LaFarge-
Miettinen formula) affects the calculation of cardiac output
(flow) and pulmonary vascular resistance. In patients with
Fontan circulation, it might lead to an overestimation of car-
diac output and an underestimation of vascular resistance. This
quantity of error obviously cannot be accepted, considering the
narrow limits of pulmonary vascular resistance values, plan-
ning a further management of a completed Fontan-type circu-
lation.16,17 A former study showed that in patients with bidi-
rectional Glenn anastomoses, assumed VO2 led to
underestimation of pulmonary vascular resistance to an extent
that could significantly influence clinical decision making.18
The poor agreement of measured and assumed VO2 from
the formulas might be due to a difference of population and
the fact that the patients in this study were undergoing
general anesthesia and were mechanically ventilated. How-
ever, these formulas were used thus far in sedated patients,
as well as in patients under the effects of anesthesia. La-
Farge and Miettinen determined their formula in patients
between 3 and 40 years of age. Therefore, the formula
cannot be applied in younger children. If the Krovetz-
Goldbloom formula is used in children less than 3 years of
age (n 28), we found a mean error of 42%. The use of this
Figure 4. Comparative plot of VO2 measured versus VO2 LaFarge-
Miettinen and the corresponding correlation coefficient.formula can be questioned, especially in neonates and infants.
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mates, both bias and precision showed similar results.19
A comparison of assumed VO2 with the Krovetz-
Goldbloom or the LaFarge-Miettinen formula demonstrates
poor agreement with measured VO2 in a pediatric popula-
tion undergoing cardiac catheterization under general anes-
thesia and with mechanical ventilation. Routine use of as-
sumed VO2 when calculating cardiac output with the Fick
equation might frequently result in large errors in the de-
termination of cardiac output and dependent parameters.
Therefore, VO2 should be measured.
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